We report coincidence measurements of inelastically scattered 148 keV photons and the recoil electrons generated within thin Al and Cu foils. We have analyzed both the Doppler broadening of the scattered photon intensity and the angular correlation of the recoil electron. This corresponds to different scans through the three-dimensional electron momentum density of the target. Estimates of the triple-differential cross-section for Compton scattering are given. The experiment was performed with synchrotron radiation from a bending magnet of the DORIS storage ring at DESY, Hamburg.
Introduction
In the past, deep inelastic photon scattering -i.e. Compton scattering -has been used to investigate so-called Compton profiles of valence electrons in solids [1, 2] . The momentum distribution of the electrons causes a Doppler broadening of the scattered radiation. If the recoil electron is not observed, the double-differential cross-section is proportional to the Compton profile, which is obtained by integration of the electron momentum density (EMD) over the momentum components perpendicular to the photon momentum transfer vector. However, if the electron is detected in coincidence with the scattered photon, the triple-differential cross-section is proportional to the EMD itself. It is our final aim to extract information about the EMD from such measurements. Recently, we have demonstrated the feasibility of such a (y, e y) experiment [3] [4] [5] . The idea of fixing the kinematics by a coincidence condition is the same as in positron annihilation experiments or in (e, 2e) spectroscopy, which means that the information one gains from all three experimental techniques is similar or even iden- tical. This holds especially for (y, e y) and (e, 2 e) reactions. In both cases the triple-differential cross-section is proportional to the EMD, the proportionality factor being, roughly speaking, the Klein-Nishina or the Rutherford cross-section.
If either (e, 2e) or (y,ey) reactions are applied to solid-state targets, both suffer from strong incoherent elastic scattering of the electrons. This smearing of the electron direction disturbs to some extent the evaluation of the EMD. This is probably the reason why there have been only a few groups who applied (e, 2 e) reactions to solids [6] [7] [8] [9] [10] [11] [12] , Although this effect exists in our case also, it is less important than for (e, 2 e) spectroscopy, since one of the collision partners is a photon restricting the multiple scattering to the outgoing recoil electron.
The first (y,ey) experiments is due to Bothe and Geiger [13] . Of course, the aim of this experimentand that of later investigations, which are reviewed in the article of Evans [14] -was not the evaluation of the momentum density, but the demonstration of the strict validity of energy and momentum conservation in individual photon-electron encounters.
Cross-Section and Kinematics
In this chapter we will shortly discuss the triple-differential cross-section and the relevant scattering kinematics. Suppose a photon with four-vector (k, ico) is scattered at an electron with (p, i E), resulting in a scattered photon with (k', ico') and a recoil electron with (/>', i £'). One then obtains within the relativistic impulse approximation for the four-fold differential 0932-0784 / 93 / 0100-0273 $ 01.30/0. -Please order a reprint rather than making your own copy. cross-section for deep inelastic photon scattering [15] holds, where a is the fine structure constant). Within the independent-electron model and the frozenorbital approximation, g t is the EMD of the singleparticle state i. Momentum conservation demands p -k! + p' -k. The scattering function Z ph depends only weakly on the electron momentum p, and the initial electron energy E = 1 -E l B is determined by the binding energy £ B . In the following we will neglect the influence of the binding energies, since the cross-section of (1) is dominated by contributions from the valence electrons with binding energies less than 200 eV. This holds for targets such as Al and Cu. Since the energy resolution of the photon detector is 0.5 keV only, shifts owing to the binding energy £ B cannot be detected. Thus we obtain from (1) dV a co
where g = £ Qi is the total EMD and the cross-section function reads
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here the Stokes parameter P describes the degree of linear photon polarisation [16] . In (3) we have neglected a weak p-dependence [15, 17] . 0 is the photon scattering angle. Scans through the EMD can be made in two different ways: 1) For fixed scattering angles one measures either the Doppler broadening A co' in the photon detector or AE' in the electron detector (owing to energy conservation one has Aco' = -A£'). This broadening results from intrinsic electron momentum components py parallel to the momentum transfer vector K = k -Ar. For high-energy photons one obtains
Here
is the scattered-photon energy for p = 0 and Aco' = co' -co' 0 .
2) For fixed energies one measures the angular correlation between the scattered photon (scattering angle 0) and the recoil electron (scattering angle <£). For an electron initially at rest (i.e. p = 0) the recoil electron appears at an angle <P 0 :
If the electron has initially a momentum component P_l perpendicular to K, then Pl = K A4> (7) with A<P = <P 0 -Thus, by measuring the coincidence count rate as a function either of Aco' or of A<P, scans through the EMD can be made for momentum components either parallel or perpendicular to the momentum transfer
Experiment
The experiments were performed using synchrotron radiation from a bending magnet of DORIS II at DESY, Hamburg, with a critical energy of 27 keV. The photon beam was monochromated by a Ge crystal in (220) transmission geometry. The energy width of the beam was about 1 keV at co = 148 keV. The photon detector -an intrinsic Ge diode with a resolution of 0.5 keV (FWHM) -was placed at 0 = 140° and the electron detector -an implanted planar Si-diode with a resolution of about 7 keV (FWHM) -could be moved through an angular range A<P = ± 10° around 4> 0 = 15.8°. Both detectors were coplanar (Figure 1 ). The solid angles of the detectors were AQ y = 0.4 msr and Aß e = 0.3 msr. The targets were thin self-supporting Al and Cu foils. The storage ring was operated in the single-bunch mode with a bunch length T L = 0.15 ns and a bunch distance T b = 960 ns. T L is small and i B is large compared to the time resolution of our coincidence circuit (~ 120 ns), which means that true coincidences are events that occur during the same bunch. Concerning accidental coincidences there is a remarkable difference if compared to dc-machines. The continuous distribution of uncorrelated events obtained with the latter ones is compressed into bunches in an ac-machine, by which their contribution is enhanced by a factor 1 /rj, where rj = T l /T b is the duty cycle of the storage ring. Owing to the very poor duty cycle of DORIS II in the single-bunch mode, this enhancement is large in our case 6 • 10 3 ).
Thus we obtain for the accidental count rate n,
where the n, are the macroscopic count rates of the photon and electron detector [18] . Equation (8) means that the contribution of uncorrelated events is independent of the time resolution of the coincidence circuit, which can be as high as a few ns (e.g. in (e, 2 e) experiments). Nevertheless, a time spectrum 4 ps wide showed no accidental counts due to uncorrelated events from neighbouring bunches. This is due to very low single count rates nwhich result from the small Klein-Nishina cross-section and the thin target foils.
Experimental quantities like the divergence of the primary photon beam, its energy band width, the solid angles and the energy resolution of both detectors and, last not least, the finite extension of the beam spot at the target determine a three-dimensional resolution volume in momentum space that is approximately a cube with an edge length of about 0.7 au. Figure 2 is an example for an angular correlation experiment. The target was a 20 pm thin Al foil. For the experimental situation mentioned above the momentum transfer vector is about K = 62 au. Figure 2 shows the coincidence count rate as a function of A4> = <P -<P 0 . In order to improve statistics we have summed in this particular case at each angular setting over the energy distribution of the scattered photons, i.e. over the py -components of the EMD. The shape of the angular distribution is mainly determined by valence electrons with a momentum range given by the Fermi momentum p F = 0.94 au [19] . The corresponding width A<P(FWHM) = 2 p F /X (see (7)) amounts to 31 mrad and is indicated by arrows in Figure 2 . The recoil electrons have an energy of about 50 keV and a mean free path for elastic scattering of about 50 nm, which means that especially the tails of the momentum distribution in Fig. 2 are strongly influenced by multiple scattering. The amount of multiply scattered (Fig. 5 a) and the electron detector (Fig. 5 b) obtained simultaneously. The solid curve in Fig. 5 a is the Compton profile of Cu obtained by Paakkari et al. [24] , electrons has been calculated by a Monte-Carlo procedure [20] and is indicated by the broken curve in Figure 2 . The peak on top is due to unscattered electrons created within the last few mean free paths for elastic scattering. Figure 3 shows the Doppler broadening of the scattered-photon intensity for fixed scattering angles (0 = 140°, <Z> = 16°). The target was a 120 nm thin Al foild. The solid curve represents the theoretical EMD of Al convoluted with the energy resolution of the photon detector. Again, if it is assumed that the EMD is dominated by the valence electrons, the width of the curve in Fig. 3 is given by Act/ = 2 Kco' 0 p F /a> = 2.2 keV (see (4) ). This width is indicated by arrows. Although the data of Figs. 2 and 3 are count rates and the comparison with theoretical EMDs holds on a relative scale only, we have also tried to evaluate the triple-differential cross-section. Fig. 4 shows this for a photon scattering angle 0 = 140° and an electron emission angle <P = 16° obtained by an 80 nm thin copper foil. In essence, the experimental data points have been converted into a cross-section by comparing the photon singles count rate with the well-known double-differential cross-section [21, 22] . The solid curve represents the cross-section of (2). The EMD g(p) was taken from the calculation of Bross [23] who used the modified augmented plane-wave method to calculate the sperically averaged EMD of Cu including the (3 s) 2 and (3 p) 6 states into the band structure. Deeper lying states do not contribute significantly to g(p) within the momentum range that corresponds to the scattered photon energies of Figure 4 . For the calculation of (3) it was assumed that the synchrotron radiation was 90% linearly polarized with a polarization vector lying in the scattering plane (which means P = -0.9). The solid curve in Fig. 4 has been fitted to the experimental data by multiplying the theory with the constant factor of 0.8. Since we estimate a systematic error of about 40% owing to errors in the determination of detector efficiencies and solid angles, the cross-section of (2) reproduces the experimental results. Figure 5 shows the singles count rates of the photon detector (Fig. 5 a) and electron detector (Fig. 5 b) that belong to the triple-differential cross-section of Figure 4 . These count rates are proportional to the Compton profiles of the photon and electron branch, respectively. In Fig. 5 a the solid curve represents the Compton profile of Paakkari et al. [24] obtained by a Cu target that was approximately 10 4 times thicker than our foil. This profile has been convoluted by our energy resolution and fitted by a common factor to the experimental data. We have abandoned to apply the same procedure to the electron branch, since the width of the count rate curve in Fig. 5 b is dominated by the poor energy resolution of the electron detector rather than by the momentum distribution of the electrons. Inspection of the total count rates in same. The reason behind is that the single-differential cross-sections da/dQ y and do/dQ e are quite different. Figure 6 shows the cross-sections for scattering a photon by an angle 0 and for ejecting an electron at an angle <P 0 where both angles are connected via (6) . It is clearly seen that the electron cross-section is by far larger, especially for small ejection angles. From (6) one obtains for the cross-section ratio Figure 7 shows the cross-section ratio R as a function of 0 and <P 0 . Clearly, the experimental points reproduce the theoretical ratio of (9) (solid curve). Figures  4 and 7 represent tests of the triple-^differential crosssection and of the single-differential cross-section for the electron branch, which, to our knowledge, have not been done before.
Experimental Results
R = da/dQ 1 da/d fi y = --[1 + to (2 + co) sin 2 (0/2)] 3/2 sin (0/2). (9) 1 + co
Conclusions
We believe that the data shown demonstrate the feasibility of a (y, e y) experiment and that EMDs can be extracted. We have verified that deep inelastic photon scattering can be described by the relativistic impulse approximation of (2). Although we have used the most intensive y-ray source that is available -synchrotron radiation from a lepton storage ring -the data still suffer from rather bad statistics. The data of Fig. 4 have been accumulated in 33 hours of beam time with an intensity of 2 • 10 9 photons/s at the target. If one would try to obtain such a collimated beam intensity from a radioactive source, the remarkable y-activity of about 10 16 Bq would be required.
Since we are working at a centre of high-energy physics (DESY), it is obvious to look for an alternative to the DORIS ring. Figure 8 shows a calculation of the brightness for an undulator at the 14 GeV PETRA machine [25] . For comparison, the brightness of a bending magnet at DORIS II -this corresponds to the situation of the experimental data shown in this paper -and a wiggler at DORIS III -the near future -are also shown. The fifth harmonic of such an undulator would increase the brightness at 10 = 150 keV by more than 4 orders of magnitude compared to DORIS II or III. Because the solid angle accepted by the (y, e y) experiment performed at a DORIS II bending magnet is larger than the solid angle the PETRA undulator would provide, the effective gain factor is between 10 3 and 10 4 . At the same time the PETRA bunch distance r B = 100 ns is about a factor of 10 smaller than in DORIS II and allows therefore much higher singles count rates (see (8) ). It is therefore expected that the strong increase in intensity can effectively be used. Consequently, there is no doubt that this would increase our accuracy considerably.
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